Abstract: Three practical methods for estimating daily solar radiation in dry climates with air temperature and precipitation data as input were evaluated. The three equations only partially explained second order statistics such as variance and different correlations, so the interdependence with primary weather variables such as the daily maximum and minimum temperatures was not fully captured. The equations, however, may be useful for calculations that require solar radiation as input, such as the daily reference evapotranspiration according to Priestley-Taylor equation using the FAO guidelines expert consultation.
INTRODUCTION
Solar radiation, Rs, is the main source of energy that drives physical, chemical and biological processes [1] . It is the main component of net solar radiation, which plays a key role in soil-vegetation-atmosphere processes and in estimating evapotranspiration rates, which play a key role in the surface water balance and energy balance calculations. Therefore, knowledge of Rs is useful for agro-ecological studies such as plant-growth modeling. During recent decades, the number of weather stations recording Rs has increased dramatically, but Rs is rarely measured in some countries and it is often not recorded at a site of interest [2, 3] even in countries with good meteorological data [4] . Therefore, methods for estimating Rs are sometimes valuable. Rs estimates obtained from expressions involving bright sunshine hours have proven accurate [5] [6] [7] [8] [9] . Bright sunshine hour data are not always available, however, and expressions requiring weather variables (e.g., precipitation and temperature) as primary input have been proposed [10] [11] [12] [13] [14] [15] [16] . Using primary weather data rather than other variables (e.g., type of clouds, cloud cover, humidity, etc.) as input is desirable because (1) weather stations with long series of temperature and precipitation are common and (2) daily air temperature and rainy days can be simulated from climate parameters that typically are available [17] [18] [19] [20] . The objective of this study is to evaluate three methods for estimating daily Rs in dry climates that require only primary weather data as input. The methods include Hargreaves et al.'s equation [21] , which requires air temperature data, Bristow and Campbell's equation [22] , which requires precipitation occurrence and air temperature, and Castellvi's method [23] that requires precipitation occurrence and an expression for estimating Rs on a monthly basis.
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METHODS
Daily Rs can be estimated from an integrated attenuation factor in the Beer's Law [1, 24] Rs = Ra (1) where Ra is the daily extraterrestrial solar radiation and is the daily weighted mean atmospheric transmittance (from the top of the atmosphere to the ground). Daily values for Ra can be determined from the latitude and day of year as shown in the appendix (Eq. A1). However, is difficult to quantify because the solar energy attenuation depends on complex physical and chemical processes. Air temperaturebased expressions for estimating have been proposed [21, 22] . On a daily basis, air temperature amplitude should be positively correlated with solar radiation because, according to the simplified surface energy-balance equation, the sum of sensible and latent heat flux depends mainly on the net available energy at the surface, which is well correlated with Rs [25] , and the time air temperature trace measured at one level contains the essential information for estimating sensible heat flux [26] . Based on this reasoning, over an extensive and uniform terrain, since Ra changes little in the short term and the sensible and latent heat fluxes are mainly local, the daily temperature fluctuations are related to .
The Bristow and Campbell (1984) Equation
This equation relates the daily atmospheric transmittance with the temperature amplitude, T k , as follows
where T x,k and T n,k are the maximum and minimum temperatures for day k and T n,k+1 is the minimum temperature for day k +1. The mean minimum temperature for days k and k+1 smoothes sharp drops or increases in the temperature amplitude and accounts for large-scale advection events associated with cold or warm air mass passage. For sites in tropical latitudes the correction is often unnecessary, and T k =T x,k -T n,k .
At some mid-latitude sites, T k may require a correction factor for rainy days to account for sharp drops in solar radiation associated with clouds passage. Two expressions for T k were proposed.
For the first rainy day in a wet period;
When T k is less than T k-1 by more than 2ºC and day k+1 correspond to a rainy day:
The daily Rs estimates are determined using the following expression
where x is the daily maximum atmospheric transmittance and a 1 and a 2 are site-specific coefficients. At non-polluted sites with moderate elevation, the value x = 0.75 provides good accuracy [27, 28] . Often, x ranges from 0.7 to 0.8 and it has been suggested that stations recording x out of this range may require maintenance [10] . Equation (5) has proven to perform well on a monthly basis [14] .
The Hargreaves et al. (1985) Equation
The authors proposed Eq. 6 to estimate Rs on a monthly basis; however, Eq. 6 also works well on a daily basis [11, 13] . It was considered the best of several equations for estimating Rs using primary weather data [15] .
0.5 (6) where, b 1 and b 2 are site-specific coefficients and T k is the air thermal amplitude for day k, T k = (T x,k -T n,k ).
The Castellvi (2001) Method
The daily Rs estimates are conditioned to the precipitation status of the day (i.e., dry or wet) to better capture the actual variability. The method requires the monthly frequency of wet days and an equation for estimating the monthly solar radiation. The following set of equations were derived for estimating daily Rs on a dry or wet day:
For dry days:
For wet days:
where f wet is the frequency of wet days in the month, m and Rs m,k is the selected equation for estimating the monthly Rs. The method refines the daily Rs estimates determined from Rs m,k which are obtained with the input required on a daily basis, and c 1 , c 2 and c 3 are site-specific coefficients to be adjusted monthly. Note that calibration of Eqs. (7) and (8) requires the mean monthly Rs for dry and wet days, respectively.
MATERIALS AND PROCEDURE FOR COMPARI-SON
A set of five weather stations with daily precipitation, maximum and minimum air temperature, and solar radiation data were used. Table 1 lists the locations, the annual Rs and humidity features which are typical for dry to temperate climates. Bristow and Campbell's and Hargreaves et al.'s equations were adjusted daily and monthly. The latter were used in the Castellvi's method.
All the climate series in monthly basis passed the run test at 10% level of significance to check for homogeneity [12, 29] . Even though, long homogenous climate series are desireable, 10 years of daily Rs series tends to capture most of the variability. All the data ( Table 1) were used to adjust the Rs equations; consequently, the coefficients determined were representative of the site. To evaluate the reliability of the estimates, the slope of the linear fitting forced through the origin, p, the coefficient of determination, R 2 , the root mean square error, RMSE (MJ m -2 day -1 ), and the nonparametric Kolmogorov-Smirnov test [30] for different cumulative distribution functions, CDF, in monthly, seasonal, and annual periods were computed. A lack of realism in the estimates is present when the actual inter-correlation and persistence inherent in meteorological data is not performed. Therefore, different auto and cross correlations between daily maximum and minimum air temperatures and solar radiation were compared for seasonal and annual periods. The null hypothesis that two independent populations have the same correlation was tested [30] . The test was applied to evaluate the capability of the estimates in reproducing (1) the auto-correlation of the daily Rs lagged one day and (2) the cross-correlation between daily Rs and the daily maximum and minimum air temperatures, respectively, lagged zero and one days. The daily reference evapotranspiration, ET o , based Table 2 shows the coefficients adjusted to estimate the daily and monthly solar radiation for all equations and the corresponding p, R 2 and RMSE values. For Hargreaves et al. (1984) equation, the daily and monthly coefficients were similar regardless of the location. The spatial standard deviations for coefficient b 1 in a daily and monthly basis were 0.0054 and 0.0083, respectively, and for b 2 were 0.23 and 0.32, respectively. Such performance was not observed with the other equations. All b 2 coefficients were negative. Therefore, in Eq. (6) a boundary for small daily thermal amplitudes is required. The minimum Rs observed in the month was set when Rs estimates were negative. For Bristow and Campbel (1985) equation, x ranged from 0.75 to 0.77 (not shown in Table 2 ), and the daily and monthly coefficients were dissimilar and site-specific. This corroborates observations in Australia [13] . Castellvi (2001) Table 3 shows the number of daily Rs CDF that accepted the null hypothesis in monthly, seasonal, and annual periods. The performance was generally poor. In general, the means were captured, but the standard deviations were difficult to explain. Except at Lleida, H_C performed reasonably well. Recall that the main idea behind the Castellvi (2001) method was to better capture the variance. Table 3 shows better performance for H_m than for B&C_m at all locations but Lleida. Similar results were shown for temperate, dry and arid climates using other equations to estimate daily Rs [3] . Table 4 shows the observed annual cross and auto correlations and the locations where the null hypothesis was accepted. Table 5 gives the number of tests that accepted the null hypothesis for seasonal cross and auto correlations. A total of 20 tests per location were performed corresponding to five correlations per season. Whatever the equation and location, Tables 4 and 5 showed poor performance. All equations were unable to reproduce the correlation between the daily maximum temperature and solar radiation on an annual basis ( Table 4 ) or seasonal basis (not shown). The equations replicated about 30 % of the total number of correlations on an annual and seasonal basis. H_C and B&C_C performed best for the Rs lagged one day on an annual ( Table 4 ) and seasonal basis (not shown). Table 5 shows that, except at Monpellier and Lleida, B&C_d did the same or better performance than the other equations. Therefore, B&C_d is in general more realistic, but its superiority was constrained to one station (Gerber). The limited capability in reproducing the actual interdependence between variables indicates that these equations may not be reliable to fill gaps [19, 11, 13] or to expand short series of daily solar radiation to locally calibrate the auto, cross and lagged correlations required as input in weather simulation models based on a quasistationary auto-regressive multivariate process [23, [32] [33] [34] . Table 6 shows the number of tests accepting the null hypothesis for the monthly, seasonal and annual ET o CDF. In contrast with the results shown in Tables 3, 4 and 5, whatever the equation, the number of tests accepted was high. Though not directly comparable, because the different equations used to estimate Rs and ET o , such performance has been shown for dry climates [3] . Table 6 Table 6 shows that, H_C performed slightly better than H_m and H_d. The worst performance by Eq. (8) occurred at Lleida (Fig. 1) . Lleida is located within the Ebro river basin in Northern Spain. It has an annual mean of 58 foggy days and has climate influences from the Pyrenees barrier (North) and an arid region (Zaragoza, North-West), which is aligned in the prevailing wind direction within the basin. Because the monthly solar radiation for wet days may be difficult to estimate, some outliers can be obtained.
RESULTS

SUMMARY, DISCUSSION AND CONCLUDING REMARKS
In general, daily Rs estimates using Hargreaves et al. (1984) equation performed slightly better than the Bristow and Campbell (1985) equation. Hargreaves et al. (1984) equation may be adjusted either using daily or monthly data to estimate daily Rs and it appears useful for spatial extrapolation because the coefficients involved were similar regardless of the location. These results, however, rely on statistics rather than physics. In nature, it is not necessary for Rs to be similar in different locations. In the Hargreaves et al. (1984) equation, all b 2 coefficients obtained were negative ( Table  2) . Therefore, Eq. (6) 
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The author sincerely thanks R.L Snyder, Asun, Carla and Tania for their help providing different facilities The review where k is the day number in year, , and s are the solar declination, the latitude (positive in northern hemisphere) and sunset hour angle, respectively, all expressed in radians.
The solar declination and sunset hour angle can be determined as:
= 0.409 sin(0.0172 k-1.39) and s = acos(-tan tan ).
The slope of the saturation vapor pressure curve, , in kPa C -1 can be determined as: For the reference crop at sites not short of water with noextreme climates and negligible advection of sensible heat flux, the coefficient can be set to, = 1.26 [24] . The parameter, , is the psychrometric constant. For a wide range of climates, =0.066 kPa C -1 . Regardless of the values assigned to the coefficients and in Eqs. (A3), (A4) and (A5), they do not affect the comparisons between estimated and observed ET o .
